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a b s t r a c t 
Prototypic pebbles with Be 12 V composition, which do not undergo a peritectic reaction during cooling, 
were fabricated and characterized, because this composition is not only unnecessary for the homogeniza- 
tion treatment, but also able to prevent increase of speciﬁc surface area. The results of granulation exper- 
iments indicated that the prototypic pebbles of single-phase Be 12 V were successfully fabricated without 
a homogenization treatment. The results of hydrogen generation reaction experiments showed that the 
prototypic pebbles with Be 12 V composition exhibited superior oxidation properties compared to pure Be 
pebbles and similar to those of as-granulated Be–Ti beryllide pebbles: as-granulated Be 12 V pebbles ex- 
hibited good resistance to water vapor. The results of deuterium retention experiments indicated that 
beryllides exhibit lower deuterium-trapping eﬃciency than other tested materials. Because of a small 
desorption from beryllides, the total retention of deuterium in Be 12 V was evaluated to be approximately 
20% of that in pure Be. 
© 2016 Published by Elsevier Ltd. 
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Hydrogen generated via an oxidation reaction of beryllium (Be)
ith water vapor is explosive [1] , and BeO produced by this reac-
ion is harmful to human health. These hazards are major draw-
acks of Be in high-temperature environments. Advanced neutron
ultipliers with high stability at high temperatures are desirable
or a fusion reactor in which coolant water is extensively used. Be
ntermetallic compounds (beryllides) are the most promising mate-
ials for this purpose [2,3] . Methods of fabricating beryllide pebbles
ave been developed by combining a plasma sintering method and
 rotating electrode method (REM) [4] . 
During the oxidation of Be, compressive stress induces cracks
ithin the BeO scale. However, during the oxidation of beryllides,
 stability layer of BeO can be formed on the surface with minimal
tress because atomic distances between Be atoms within the BeOcale are similar to the mean atomic distance between Be atoms 
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ctivity than Be. 
In the case of Be 12 Ti, an annealing treatment is necessary to
omogenize pebbles to a single phase of Be 12 Ti: this requirement
f problematic because the compositional structure changes via a
eritectic reaction caused by re-melting under granulation. The fol-
owing processes have been established in this study: (1) beryllide
lectrode fabrication by a plasma sintering method, (2) beryllide
ebble fabrication by an REM using the fabricated plasma-sintered
eryllide electrode, and (3) annealing at temperatures above 1473 K
or homogenization [5] . 
The homogenized Be 12 Ti pebbles produced using the aforemen-
ioned method tend to be more reactive than pebbles not subjected
o any such treatment because homogenization causes an increase
n the speciﬁc surface area of the treated pebbles. In this study,
o prevent an increase in the surface area and reactivity, we fab-
icated and characterized prototypic pebbles with Be 12 V compo-
ition, which do not undergo peritectic reactions during cooling.
n abridged phase diagram of a Be–V binary system is shown in
ig. 1 . The hydrogen retention property, which inﬂuences system
afety and the method selected for the handling of used materials
s well as the reactivity with water vapor are reported and com-
ared with those of pure Be and Be–Ti beryllide pebbles. Y-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 2. Compositional images of the surface and cross-section of prototypic Be 12 V 













































r  2. Experimental 
2.1. Be–V beryllide electrode fabrication 
Synthesis of Be–V beryllide via a plasma sintering method
started with a mixture of the elemental powders of Be and V. This
powder was loaded into a die and punch unit, and uniaxial pres-
sure was applied to the powder. An alternating electric current was
then applied to create a plasma environment in the mixed elemen-
tal powders as raw materials and to activate particle surfaces. The
uniaxial pressurized powder was then resistance heated by a direct
electric current under continued uniaxial pressure in the die and
punch unit. A plasma sintering apparatus (KE-PasIII, Kaken, Japan)
was used in this study. 
A 40 g sample of a Be powder (Materion Brush, USA, 99.4 wt%)
and V powder (Kojundo Chemical Laboratory, Japan, 99.9 wt%)
with a composition of 92.3 at.% Be and 7.7 at.% V, which is the
stoichiometric composition of Be 12 V, were mixed for 30 min us-
ing an automatic mortar (RM200, Retsch, Germany). The particle
sizes of the Be and V powders were less than 45 μm. Plasma sin-
tering was performed at 1073 K for 2.5 min under 50 MPa pressure.
Heating and cooling rates were approximately 100 and 200 K/min,
respectively. The resulting plasma-sintered beryllide samples were
20 mm in diameter and 50 mm in length. For beryllide granula-
tion by the REM, a beryllide electrode of 15 mm in diameter and
50 mm in length, machined by a wire electric discharge apparatus
was used as the raw material. 
2.2. Be–V beryllide pebble fabrication 
In the REM, molten metal particles were produced at the end
of a heated metal electrode that was rotated along its longitudi-
nal axis. The molten metal was centrifugally ejected and formed
droplets that solidiﬁed into spherical particles. 
Beryllide pebbles were fabricated using an REM apparatus
(KREP-1500, KAKEN, Japan) under a current of 60 A and rotational
speed of 60 0 0 rpm, where a plasma-sintered Be–V beryllide rod
serves as the electrode. Granulation by the REM was performed inPlease cite this article as: M. Nakamichi et al., Fabrication and chara
Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.20 pure He environment at approximately 0.15 MPa pressure. Proto-
ypic Be–V beryllide pebbles with a diameter of 1 mm were suc-
essfully fabricated. The compositional structures of the beryllide
ebbles formed via the REM were evaluated by electron probe
icro-analyzer (EPMA; JXA-8530F, JEOL, Japan). Be–Ti beryllide
ebbles were fabricated in the same manner as in our previous
tudy [5] . 
On the basis of EPMA results, the surface of the as-granulated
e-7.7at.%V pebbles without a homogenization treatment was
dentiﬁed as being composed only of beryllides of a Be 12 V phase.
nly the Be 1 2 V phase was identiﬁed in the interior of the as-
ranulated Be-7.7at.%V pebbles. From the result of this trial gran-
lation by the REM, prototypic pebbles of single-phase of Be 12 V
ere successfully fabricated using the plasma-sintered electrode
ithout the homogenization treatment ( Fig. 2 ). 
.3. Hydrogen generation reaction experiments 
To evaluate the reactivity of the beryllide pebbles with water
apor at high temperatures, we conducted hydrogen generation re-
ction experiments at 1273 K under an Ar gas atmosphere with a
 2 O concentration of 10,0 0 0 ppm under a ﬂow of 300 ml/min us-
ng thermo-gravimetric apparatus (TG; TG-8110, Rigaku, Japan) in
onjunction with gas chromatography (GC; CP-4900, Agilent, USA).
he TG was conducted at a heating rate of 10 K/min. The Ar gas
ontaining 10,0 0 0 ppm H 2 O was controlled by water vapor gener-
tion equipment (HUM-1E, Rigaku, Japan): this gas was injected at
273 K. 
.4. Deuterium retention property experiments 
The behavior of hydrogen isotopes in a neutron multiplier has
n inﬂuence on the reactor’s safety. Furthermore, a generated hy-
rogen isotope causes problems for the neutron multiplier with
espect to tritium retention. In this study, we performed ther-
al desorption spectroscopy (TDS) measurements to investigate
he characteristic of hydrogen retention behavior of as-granulated
e 12 V pebbles without the homogenization treatment and com-
ared the results with those of pure Be and homogenized Be 12 Ti
ebbles. 
TDS measurements were performed after low-energy
euterium-ion irradiation. The irradiation was performed with
 keV D 2 
+ ions (corresponding to 1.5 keV D + ) to ﬂuences in the
ange from 1 × 10 21 to 1 × 10 23 D/m 2 /s at room temperature (RT).
n ion energy of 3 keV was selected because of the ion source
tability of our irradiation device; it does not necessarily simulate
 particle load under fusion conditions. After irradiation, the
amples were annealed from RT to 1200 K at a constant heating
ate of 1 K/s, and released D was monitored using a quadruple2 
cterization of advanced neutron multipliers for DEMO blanket, 
16.07.006 
M. Nakamichi et al. / Nuclear Materials and Energy 0 0 0 (2016) 1–4 3 
ARTICLE IN PRESS 
JID: NME [m5G; July 22, 2016;13:43 ] 
Fig. 3. Comparison of hydrogen generation normalized by the pebble weight of the 
as-granulated Be 12 V pebbles with that of the as-granulated Be-7.7at.%Ti, homoge- 

































Fig. 4. Comparison of the hydrogen generation ratio of the as-granulated Be 12 V 
pebbles with those of the as-granulated Be-7.7at.%Ti, homogenized Be 12 Ti, and pure 
Be pebbles. 
Fig. 5. Comparison of deuterium desorption spectra of the as-granulated Be 12 V 
pebbles with those of the homogenized Be 12 Ti and pure Be pebbles irradiated at 
3 keV D 2 







a  ass spectrometer (QMS). The D 2 signal was quantiﬁed with a D 2 
alibrated leak bottle, and the total amount of D retained in the
amples was obtained by integrating the TDS signal. 
. Results and discussion 
.1. Hydrogen generation reaction of as-granulated Be 12 V pebbles 
TG and GC were used to evaluate the hydrogen generation re-
ctivity of as-granulated Be 12 V pebbles in the presence of water
apor at 1273 K under an Ar gas atmosphere containing 1% of H 2 O,
nd the results were compared with those of previous studies of
s-granulated Be-7.7at%Ti, homogenized Be 12 Ti and pure Be peb-
les [6] . Fig. 3 shows the amount of hydrogen generated from the
eaction of the as-granulated Be 12 V pebbles with water vapor; for
omparison, the results are presented in conjunction with those
f the as-granulated Be-7.7at%Ti, homogenized Be 12 Ti, and pure Be
ebbles. In the Fig. 3 , the amount of hydrogen generated is nor-
alized by the pebble weight. The hydrogen generation ratio as a
unction of temperature is shown in Fig. 4. 
These results show that the prototypic pebbles of Be 12 V exhibit
n oxidation property not only better than that of pure Be pebbles
ut also similar to that of the as-granulated Be-7.7at%Ti pebbles.
he homogenized Be 12 Ti pebbles exhibited increased reactivity rel-
tive to the as-granulated Be-7.7at%Ti pebbles. The results showing
ncreased hydrogen generation reaction resulting from the homog-
nization treatment clariﬁed that increased reactivity was caused
y an increase in the speciﬁc surface area of the Be 12 Ti pebbles
y the homogenization annealing treatment [6] . According to the
esults shown in Fig. 4 , the hydrogen generation ratio of the as-
ranulated Be 12 V pebbles is two orders of magnitude less than that
f pure Be pebbles. Thus, the as-granulated Be 12 V pebbles exhibit
ndicated good resistance to water vapor. 
.2. Deuterium retention property of as-granulated Be 12 V pebbles 
Fig. 5 shows a comparison of the desorption spectra of deu- 
erium from the as-granulated Be V, homogenized Be Ti, and12 12 
Please cite this article as: M. Nakamichi et al., Fabrication and chara
Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.20ure Be pebbles irradiated with 3 keV D 2 
+ to a ﬂuence of
.0 × 10 22 D/m 2 at RT. Multiple desorption peaks were observed at
pproximately 870 K and 680 K for pure Be pebbles. In contrast,
nly a relatively smaller peak was observed for the as-granulated
e 12 V, and homogenized Be 12 Ti pebbles at approximately 620 K,
ccompanied by a tail that extended to relatively higher temper-
tures. With respect of the desorption from pure Be pebbles, sev-cterization of advanced neutron multipliers for DEMO blanket, 
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Fig. 6. Comparison of the total deuterium retention in the as-granulated Be 12 V peb- 
bles with those in the homogenized Be 12 Ti and pure Be pebbles as a function of the 

















































































 eral studies have reported that the lower- and higher-temperature
desorption peaks are related to beryllium hydride [7] and cavities
ﬁlled with D 2 [8,9] , respectively. In our microstructural observa-
tions reported elsewhere [10] , which were performed by in-situ
transmission electron microscopy (TEM) under ion irradiation and
following annealing, deuterium bubbles disappeared at approxi-
mately 873 K for pure Be pebbles and at 673–773 K for the ho-
mogenized Be 12 Ti pebbles. The correspondence of these temper-
atures and deuterium desorption temperature suggests that the
main peaks observed for the as-granulated Be 12 V, and homoge-
nized Be 12 Ti pebbles at relatively lower temperatures are associ-
ated with the desorption of deuterium bubbles. We also specu-
late that the discrepancy of the desorption peaks between the as-
granulated Be 12 V and homogenized Be 12 Ti pebbles is attributable,
to the porous structure of the homogenized Be 12 Ti pebbles. 
Because of the small desorption from the beryllide pebbles, the
total retention of deuterium was substantially suppressed com-
pared to Be pebbles. Fig. 6 shows the total retention of deu-
terium in the as-granulated Be 12 V, homogenized Be 12 Ti, and pure
Be pebbles as a function of the ﬂuence of 3 keV D 2 
+ . The reten-
tion of the homogenized Be 12 Ti pebbles was evaluated to be less
than half that of pure Be pebbles over the ﬂuence range of 10 20 –
10 23 D + /m 2 . Moreover, the as-granulated Be 12 V pebbles exhibited
an even smaller total retention. In this respect, the newly devel-
oped beryllide pebbles exhibited better performance than pure Be
pebbles. The as-granulated Be 12 V pebbles are an especially supe-
rior candidate material for use as a neutron multiplier because of
their rather weak hydrogen-trapping eﬃciency and simple fabrica-
tion method that does not involve homogenization. 
To evaluate the usage conditions of the beryllide pebbles, the
effects of irradiation temperature and additional inﬂuence of trans-
mutation helium on the hydrogen retention property will be stud-
ied in future work. Please cite this article as: M. Nakamichi et al., Fabrication and chara
Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.20. Conclusions 
Advanced neutron multipliers with high stability at high tem-
eratures are necessary for DEMO blankets. Be intermetallic com-
ounds (beryllides) having strong potential for use in high-
emperature environments. The fundamental technology of beryl-
ides has been previously established: a combination of a plasma
intering method for beryllide synthesis and a REM using plasma-
intered beryllide electrodes for granulation. In this study, proto-
ypic pebbles with Be 12 V composition, which do not undergo peri-
ectic reaction during cooling were fabricated and characterized,
ecause this composition is not only unnecessary for the homog-
nization treatment, but also able to prevent increase of speciﬁc
urface area. 
The results of hydrogen generation reaction experiments show
hat the prototypic pebbles of Be 12 V composition exhibit oxidation
roperties not only better than those of pure Be pebbles but also
imilar to those of the as-granulated Be-7.7at.%Ti pebbles. The hy-
rogen generation ratio of the as-granulated Be 12 V pebbles is two
rders of magnitude less than that of pure Be pebbles. The as-
ranulated Be 12 V pebbles also exhibit good resistance to water va-
or. The results of deuterium retention experiments indicate that
eryllides have rather low deuterium-trapping eﬃciency. Because
f the small desorption from beryllides, the total retention of deu-
erium in Be 12 V is evaluated to be approximately 20% of that in
ure Be. In order to clarify a difference of Be 12 Ti and Be 12 V focus-
ng on oxidation and retention, extensive and broader simulation
tudies have will be started as next step. 
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